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2. Abstract and key terms: 
Total endovascular repair of the aortic arch represents a promising option for patients 
ineligible to open surgery. Custom-made design of stent-grafts (SG), such as the Terumo 
Aortic® RelayBranch device (DB), requires complex preoperative measures. Accurate SG 
deployment is required to avoid intraoperative or postoperative complications, which is 
extremely challenging in the aortic arch. In that context, our aim is to develop a computational 
tool able to predict SG deployment in such highly complex situations. A patient-specific case 
is performed with complete deployment of the DB and its bridging stents in an aneurysmal 
aortic arch. Deviations of our simulation predictions from actual stent positions are estimated 
based on post-operative scan and a sensitivity analysis is performed to assess the effects of 
material parameters. Results show a very good agreement between simulations and post-
operative scan, with especially a torsion effect, which is successfully reproduced by our 
simulation. Relative diameter, transverse and longitudinal deviations are of 3.2±4.0%, 
2.6±2.9mm and 5.2±3.5mm respectively. Our numerical simulations show their ability to 
successfully predict the DB deployment in complex anatomy. The results emphasize the 
potential of computational simulations to assist practitioners in planning and performing 
complex and secure interventions. 
 
Keywords: 
endovascular surgery, aortic endograft, thoracic endovascular aneurysm repair, finite-
element analysis, patient-specific model, computational biomechanics 
 
Abbreviations: 
BS: Bridging stents 
CT: Computed tomography 
DB: Terumo Aortic® (formerly Bolton Medical®) RelayBranch device 
FEA: Finite-element analysis 
SG: Stent-graft 
TEVAR: Thoracic Endovascular Aneurysm Repair 
VMTK: Vascular Modeling Toolkit 
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3. Introduction 
Endovascular procedures, using a fabric-covered and self-expanding stent-graft (SG), are the 
major alternative to open surgery to prevent aneurysm rupture. In most European and US 
medical centers specialized in aortic aneurysm and dissection repair, endovascular procedures 
are now considered as the first line treatment of thoracic and abdominal aortic aneurysms. 
The reported experience shows significant reduction of early morbidity and mortality 
compared to open surgical repair 1,24,25,30,31 
The supra aortic vessels (innominate, common carotid and subclavian arteries) and the aortic 
arch are subject to many variations in their anatomy and their curvature, making the aortic 
arch a very complex part of the thoracic aorta 22,29. Moreover, the high hemodynamic forces 
and the mechanical constraints present in the aortic arch limit the reliability of the 
endovascular repair and challenge the device durability 5,16,23,35,43. In consequence, despite the 
need for cardiopulmonary bypass, hypothermic circulatory arrest and its high 
mortality/morbidity rate, open surgery remains the gold standard for treating aortic arch 
pathologies such as aneurysms or dissections 27,42. Therefore, it can be acknowledged the 
aortic arch remains one of the last challenges for endovascular surgery in aortic aneurysm and 
dissection repair. However, due to the invasiveness of open surgery, a significant fraction of 
high-risk patients is ineligible to open surgery. 
In the past few years, new fenestrated or branched endovascular aortic grafts have been 
proposed for aortic arch endovascular repair, such as: the Terumo Aortic® (formely Bolton 
Medical®) RelayBranch device (DB) and the Branch Arch Cook® device. These devices are 
custom-made and have a complex design with internal tunnels and a fenestration-landing-
zone to comply with any patient specific anatomy. Then, bridging stents are inserted into the 
internal tunnels from the supra-aortic trunk vessels to fully separate the aneurysm from the 
normal blood flow. Accurate preoperative sizing based on computed tomography (CT)-scan is 
required to generate a custom-made design.  
A very thorough additional examination of this CT-scan by the physician is mandatory to 
predict accurate SG deployment 26. Nowadays, preoperative planning requires strong 
experience in imaging and 3D reconstruction using a dedicated workstation. In case of arterial 
tortuosity and angulation, as in the aortic arch, the deployment prediction is challenging and 
measures may often be inaccurate. Moreover, due to the length of the delivery system, the 
ability to precisely control device deployment is limited. 
In this context, finite-element analysis (FEA) could be useful to predict the deployment of the 
DB device in such complex anatomies in order to assist practitioners in the clinical decision-
making process and during the aortic repair. Research on this topic started less than a decade 
ago 9,12,21. SG mechanical properties were characterized using bench tests and used to achieve 
FEA of SG deployment in virtual aortas and iliac arteries. These models highlighted the 
importance of boundary conditions, contacts and material properties. Moreover, they 
established the basic assumptions about pre-stressed conditions, arterial wall properties and 
interactions with surrounding tissues. Recently, more complex numerical simulations of 
bifurcated and fenestrated SG deployment in patient-specific models have shown the validity 
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of the different methodologies 10,11,33,34. Auricchio et al were the first to report FEA results 
about the deployment of a tubular SG in the thoracic aorta 3,38. 
Our objective is to model computationally the deployment of the complex double-branched 
SG in the aortic arch. In the following, we address patient-specific numerical simulations of 
endovascular aneurysm repair in the aortic arch using the DB device. After a thorough 
description on how we extended the methodology elaborated by Perrin et al 32,33 to reach our 
objective, we show successful comparison between our simulations and post-operative CT 
scan  and we report results of a sensitivity study, focusing on friction coefficients and material 
properties used in the FEA.  
4. Materials and methods 
Our methodology is an extension of the methodology elaborated by our group 32,33. We 
developed a specific methodology for SG deployment in patient-specific abdominal aortic 
aneurysms. The SG is virtually crimped and then inserted in a tubular shell modeling an 
idealized aortic wall. Then, a transition step, named morphing, is achieved: the tubular shell is 
computationally deformed into the pre-operative geometry of the aorta, while the SG is 
maintained inside the deforming tubular shell with activated contact elements. Due to these 
constraints, the SG undergoes deformation to fit into the patient-specific aortic geometry. 
Finally, material properties are assigned to the aortic wall and a static mechanical equilibrium 
is solved between the aorta and the device. So, the model simulates neither SG insertion in a 
delivery sheath nor navigation through iliac arteries and the aorta. In the current study, major 
extensions had to be elaborated to model the DB device and to address the aortic arch 
specificities. We introduce these extensions hereafter. 
  
1. Aortic arch aneurysm modeling and morphing 
A 74-year-old male patient, treated by DB for aortic arch aneurysm, was chosen in our clinical 
database after informed consent and approval of the Institutional Review Board of the Saint-
Etienne University Hospital. Pre- and post-operative CT scans were available, along with 
complete plan of the DB device. The pre-operative and the post-operative CT scans had the 
following parameters: slice thickness = 2mm and 0.7mm, pixel size = 0.5mm x 0.5mm and 
0.8mm x 0.8mm, respectively. The pre-operative CT scan showed a 58mm dilatation of the 
aortic arch zone 0 according to the Ishimaru classification 20 . 
Modeling: 
The aortic lumen, from the aortic valve to the descending thoracic aorta, and the supra-aortic 
trunk vessels, was reconstructed using the Vascular Modeling Toolkit (VMTK) library.  As 
calcifications did not appear in the CT scan of the clinical case considered in our study and 
intra-luminal thrombus was very moderate, these components were not represented in the 
model. The luminal surface was meshed with triangular shell elements (SFM3D3 in Abaqus® 
and 1.5 mm mean edge length), resulting in a total of 32125 nodes and 64039 elements. A 
constant wall thickness of 1.5 mm for the aorta and 1 mm for the supra-aortic trunk was 
assigned. 
Morphing: 
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The morphing algorithm 32,33 was fully adapted to the aortic arch anatomy. This required 
accounting for the high degree of curvature and incorporation of the supra-aortic trunk 
vessels. 
After generating the centerlines, splines were defined to describe luminal contours. Each 
spline had 10 control points for each cross section. 
The morphing algorithm was applied to the aortic arch to deform the preoperative mesh using 
centerlines and splines as driving key-points. Each node of the aortic surface was moved to 
create a tubular shell with a constant diameter. Tubular shells for each supra-aortic vessel, 
orthogonal to the aortic centerline, were also defined. The forward and the inverse 
deformation between the patient-specific geometry to the geometry made of tubular shells 
were computed. A detailed description of the tubular virtual shell generation was previously 
described 32. 
 
2. Stent-grafts modeling 
The Double Branch Relay® from Bolton Medical® (DB) is a custom-made device. The main body 
has a complex design with a large single window harboring two internal tunnels for secondary 
connection of supra-aortic extensions to the innominate and the left carotid common arteries. 
Moreover, four kinds of stent rings are sewn to the graft: standard Z stent, half stent, crown 
stent and flattened stent. 
Geometries of the graft and stent rings were obtained from the manufacturer. The four kinds 
of stent rings were modelled and meshed with beam elements in Matlab® (B31 in Abaqus® and 
0.3 mm mean length). A linear elastic material behavior was used, reproducing the Nitinol 
behavior in its austenitic phase. Nitinol remained in its austenitic phase during SG deployment 
as the full crimping in its delivery sheath was not considered, as previously validated on 
different types of SGs 12,34. An accurate geometry of the graft was created using FreeCAD® and 
meshed with linear 4-node elements in Abaqus® (S4R and 0.5 mean edge length). The 
polyester fabric was modelled as an orthotropic elastic material 12. The internal branches were 
tied to the main graft.  The bridging stents (BSs) were modelled following the same process as 
the main body of the SG (see Fig. 3.(a)). 
 
3. Pre-stress of stent-graft wires 
All simulations were performed using the Abaqus/Explicit v6.14 finite element solver (Dassault 
Systèmes, Paris, France). During the manufacturing process, stent rings are oversized with 
respect to the graft diameter. Accordingly, a first FEA was performed to crimp the oversized 
stent rings until they are in contact with the graft. A tie constraint was assigned between the 
oversized stent rings and the graft at the end of this simulation step, which was achieved for 
the three components of the DB device (the SG and the two BSs) (see Fig. 3.(a)). 
After this first step, we performed a second FEA to radially compress the BSs in two virtual 
cylinders by gradually reducing their diameters and applying a contact constraint and to 
simulate their placement in the internal tunnels (see Fig. 3.(b)). 
Then, the third step was an FEA to radially compress the SG with its two BSs in a cylindrical 
tube adjusted to the diameter of the aorta (see Fig. 3.(c)).  
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A fourth step was an FEA to bring the distal end of BSs to the innominate and the left carotid 
arteries, which were guided in two virtual cylinders, and to bring the proximal part of BSs into 
contact within the tunnels. An original algorithm was developed to create and to compute the 
displacement of the two cylinders meshed with shell elements. A friction coefficient of 0.4 
was set for the contact between the different components during this step 44 (see Fig 3.(d)). 
Finally, in a fifth step, the virtual cylinders were removed and the main body of the SG and its 
BSs were released into the tubular shape of the aorta to allow their deployment (see Fig. 3.(e)). 
 
4. Simulation methodology of stent-grafts deployment 
The operative report did not provide precisely the location of proximal landing zone and global 
rotation. Therefore, the position of the landing zone for the simulations was derived directly 
from the post-operative CT scan. 
After simulating the deployment of the device at the correct landing zone inside the tubular 
shape shown in Fig. 3.(e), computed deformations were applied to each node of the tubular 
shell to transform it back into the pre-operative geometry (see Fig. 3.(f)). General contact was 
activated, including the internal surface of the tubular shell, the stent rings and the grafts. This 
sixth FEA imposed the SGs to fit inside a shell modeling rigidly the patient-specific geometry 
of the aorta. A rough friction coefficient was used to keep the proximal parts of the BSs in the 
internal branches. As the aortic virtual shell only had a geometrical function, there was no 
mechanical behavior assigned to the aortic wall at this step. Thus, the final geometry of the 
aorta at the end of the morphing stage was stress free. Contact between SG and the aortic 
wall were modeled using the default Abaqus® contact algorithm with a friction coefficient set 
to 0.4. Only the 2cm at the proximal end on the main SG were assigned a stronger friction 
coefficient to ensure no sliding at the landing zone. 
Finally, in the final simulation step, the shell elements modeling the aortic wall were assigned 
elastic mechanical properties (see Fig. 3.(g)). The element type was turned into S3R in 
Abaqus®. An isotropic linear elastic material was used for the aortic wall mechanical behavior. 
The Young’s modulus was 2.0 MPa and the Poisson ratio was 0.4 14. It was assumed that the 
aortic behavior could be linearized in the range of relatively small strains induced by the 
contact with the DB device. All the boundary conditions previously assigned onto the aorta 
(except the proximal and distal ends which were clamped) were released to establish a static 
mechanical equilibrium between the aortic wall and the device.  
The actual delivery system is introduced through femoral access and a rotation of the sheath 
during its navigation in the iliac arteries and aorta might happen when the sheath has to slide 
in tortuous and calcified arteries. As the rotation angle may vary at different longitudinal 
positions along the sheath, it results into torsion when the device is deployed. After thorough 
examination of the post-operative CT, we noticed a torsion effect on the second part of the 
main SG, immediately after the fenestration zone. To mimic the torsion in the simulations, the 
proximal stent ring was fixed while the distal one was submitted to different degrees (0°, 90°, 
135°, 180°) of rotation (see Fig. 1). The other components of the main SG and the BSs were let 
free.  
 
Approximate placement of Fig 1. 
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5. Simulation assessment 
Positions of stent rings obtained from the post-operative CT scan were chosen as reference 
positions to validate our deployment simulation. A similar assessment method was used in 
previous studies 32,33. Stent rings were manually segmented from CT scans using MevisLab®. 
Ten points were manually picked on vertebral bones in the CT scans to rigidly register pre- and 
post-operative CT scans with numerical simulations using the quaternion algorithm method 
in Matlab®. The mean registration error for the set of 10 points was 2.0 ± 1.3 mm. 
A first qualitative assessment was achieved by superimposing the deployed stent rings 
obtained from CT scans and simulations. 
A quantitative assessment was also performed for the stent components of the main body. A 
cylinder was adjusted onto each stent ring using a customized Matlab® routine. For each stent 
ring, the relative diameter deviation (eD) was estimated between simulations and CT scans. 
The center position was also assessed by measuring the longitudinal deviation along the 
arterial centerline (eL) and the transverse deviation in the cross section (eT). Figure 2 shows 
cylinders matching the post-operative positions of stent rings (a), their simulated positions (b) 
and the three deviation values (c). 
 
Approximate placement of Fig 2. 
6. Sensitivity analyses 
-  Young modulus 
The isotropic linearized elastic model for the aortic wall is a strong simplification so we tested 
different Young moduli in order to estimate the impact of our assumption. Four values were 
considered: 1 MPa, 2 MPa, 5 MPa and infinite (rigid arterial wall), in the range of the literature 
values 14. A quantitative assessment was then achieved to measure the differences between 
the four models. 
-   Friction coefficient 
A sensitivity study was conducted to determine whether modifying the friction coefficients 
between SG components and the aorta could influence the results. Two different friction 
coefficients were defined: the first one applied on 2cm of the proximal end of the SG (Fprox) 
and the second one applied on the remaining surface of the SG and on the BGs (Ftot). Six 
different combinations were tested (0.1-0.2; 0.1-0.4; 0.4-0.2; 0.4-0.4; rough-0.2; rough-0.4), 
in the range of the literature values 44. 
5. Results 
 
1. Simulation assessment 
Results at different stages of the simulation procedure are shown in Fig. 3. 
Deviation values, eD, eL and eT, are shown in Fig. 4 for different torsion angles. Stent rings 
were numbered from 1 (proximal) to 15 (distal). Stent ring 1 was not included in the 
quantitative assessment, as it could not be properly segmented from the post-operative CT 
scan. Stent rings 5, 6 and 7, which were half stents, were not included either. Average 
deviation values for all stent rings and different torsion angles are reported in Table 1. 
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Approximate placement of Fig 3. 
 
It can be observed that a 135° torsion produced the best agreement between numerical 
predictions and post-operative CT. The largest transverse deviations were located in the 
proximal zone with a maximum eT value equal to 11.4mm. For the longitudinal position, a very 
good agreement was reached for all stent rings. Regarding diameter deviations, most of the 
simulated stent rings had the same diameter as the real stent rings (difference less than 6mm) 
and only one stent ring at the middle showed a larger diameter deviation (error -11.4%). 
 
Approximate placement of Table 1 and Fig 4. 
2.   Qualitative analysis 
The superimposition of simulations and of the post-operative CT scan is shown in Fig. 5. A 
good agreement between the two configurations was obtained with the 135° torsion model 
whereas a deviation is clearly visible with the 0° torsion model. Moreover, we observed a 
satisfactory position of half stents in the fenestration zone for the 135° torsion configuration. 
 
Approximate placement of Fig 5. 
3.  Sensitivity studies 
- Impact of aortic linearized Young’s modulus 
Position deviations for all stent rings were marginally affected by the Young’s modulus of the 
aortic wall used in our simulation, as shown in Table 2. Mean diameter, longitudinal and 
transverse deviations ranged within [-10.5% , 1.5%], [-5.8 , -2.3 mm] and [4.4 , 7.2 mm] 
respectively. We obtained the best global agreement with a 2 MPa modulus.  
 
Approximate placement of Table 2 
- Impact of friction coefficients 
We tested different levels of friction coefficient in the 0° configuration. Mean deviation values 
for all stent rings are reported in Table 3. Significant discrepancies in terms of longitudinal 
deviation were obtained when varying the proximal friction coefficient (Fprox). A proximal 
defect of apposition was observed with Fprox set to 0.1 or 0.4 and was corrected by a no 
sliding condition rough contact (see Fig. 6). Overall, the best configuration was obtained with 
a friction coefficient of 0.4 associated with a rough friction coefficient in the proximal zone. 
 
Approximate placement of Table 3 and Fig 6 
 
 
6. Discussion 
In the present study, we introduced a new methodology to predict computationally DB 
deployment in patient-specific models of the aortic arch. To the best of our knowledge, this 
work represents the first report of complex branched SG deployment in the challenging 
anatomy of the aortic arch using FEA. The presented computational model required the 
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following patient-specific information to be predictive: aortic and SG geometries, aortic wall 
elastic modulus, friction coefficient between the aortic surface and the SG, position of landing 
zone and possible torsion angle.  
We reported a qualitative and quantitative assessment of our model. We were able to observe 
a very good agreement between simulations and post-operative CT scans by superimposing 
the simulated stents onto segmented images of the real stents deduced from post-operative 
CT scans. We noticed a torsion effect on the post-operative scan, which was well addressed 
by our simulations with a torsion angle of 135°. Quantitative results were extracted to support 
the qualitative analysis. Only proximal stent rings showed a rather large transverse deviation, 
ranging between 8 and 11.4mm. This could be partly explained by the mean registration error 
of 2.0 ± 1.3mm between pre-operative and post-operative CT scans. Moreover, it should be 
noticed that images used to analyze the real stent rings were extracted from a non-gated CT 
scan, which increases the uncertainty at the level of the ascending aorta, due to cardiac 
pulsation.  
 
We also investigated the effects of torsion on the device. Navigation of the device sheath 
through tortuous iliac arteries or tortuous aortas can result in a torsion angle between the 
proximal and distal parts of the sheath. Some cases of torsion have been observed as they 
induced misalignments of fenestrations during deployment 13.  Due to the length of DB 
delivery systems used for transfemoral access, the limited ability to precisely control the 
device end may increase the torsion effect. Torsion induced by guidewire insertion was even 
simulated by Sanford et al 40 in patient-specific models of abdominal aortic aneurysms. As our 
methodology did not model the navigation, we could not predict the degree of torsion of the 
SG. An additional boundary condition was assigned to our model to reproduce the torsion and 
to predict accurately the position of each stent ring after the deployment. Future 
investigations focused on modeling navigation could be conducted in order to predict the 
torsion effect in the aortic arch. However, our present study proved successful in reproducing 
the rotation and showed more specifically that torsion localized in the fenestrated part of the 
device. This localization phenomenon can be explained by the reduced torsion stiffness of the 
device in this part with three half stents. It can induce difficulties for catheterizing the internal 
tunnels of the device through the supra-aortic vessels or even BS kink or carotid arteries 
coverage, which are major complications. Finally, these numerical simulations could even be 
used to optimize the design of these complex SGs, for instance by stiffening the torsion 
response of the SG in the fenestrated region. This may permit to investigate a variety of 
alternative designs without additional manufacturing costs.  
 
Our model did not take into account the full process of SG deployment during endovascular 
procedure. It simplified SG crimping, its introduction in a sheath and further navigation 
through the iliac arteries and aorta. Despite these simplifications, we obtained a very good 
agreement between the simulation and post-operative CT scans. We reproduced the torsion 
effect observed in the clinical case and we could successfully predict the effects of this type of 
complication.  
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Our model did not consider hemodynamic effects and the fluid-structure interactions 4,6,7,28,36. 
Moreover, the action of blood pressure onto the wall was not modeled during simulations as 
we made the assumption that it already existed in the initial geometry 32. Future work could 
refine the action of blood pressure. However, given the level of complexity of our simulations 
and the very good agreement with post-operative CT scans, quasi-static FEA proved to be a 
reasonable and reliable first approximation for aortic arch aneurysm, as previously 
demonstrated in iliac arteries, ascending thoracic aortas and abdominal aortic aneurysms 
3,10,11,32–34. Complementary studies with computational fluid dynamic could help 
understanding the drag forces acting on the SG and explain further some of the deviations 
reported in this study 39. It could also permit to assess the fatigue behavior of the SG under 
cyclic stresses between diastole and systole with fatigue stress analysis of the stent material 
2.  
 
The material model chosen for the vessel wall geometry was an isotropic elastic linearized 
model and the vessel wall was defined as homogeneous. This is a simplification, which was 
justified through the sensitivity analysis as we showed that the wall elasticity did not impact 
significantly the stent positions. The stresses induced by the blood pressure were estimated 
in previous studies 34, giving indications at which strains and stresses linearized elastic 
properties of the aorta had to be derived.  
Only the extremities of the aortic arch and the supra-aortic trunks were assigned a zero 
longitudinal displacement during the mechanical equilibrium. Our model did not take into 
account pressure or tethering by surrounding environment onto the external surface. This 
effect may probably be pooled with the effect of the aortic stiffness in our model. 
Moreover, we disregarded calcifications and the intra-luminal thrombus in the model. They 
may alter again the mechanical properties of the aortic wall. However, the main contact 
interactions between the aorta and the SG are located at the proximal and distal landing zone 
where the intra-luminal thrombus is usually inexistent. Moreover, we calibrated the elastic 
modulus such that it could take into account the stiffening effect of possible calcifications 
although they were not visible in the CT scan. Finally, calcifications did not appear in the CT 
scan of the clinical case considered in our study and the intra-luminal thrombus was very 
moderate or even inexistent. 
We also compared results obtained with a rigid wall and an elastic wall. The rigid model 
produced larger deviations. Under rigid condition, stent rings were submitted to too strong 
geometric constraint. Their radial expansion and longitudinal position were too limited. 
Previous studies dedicated to simulation of SG deployment have considered a variety of 
mechanical behaviors for the aortic wall, from anisotropic hyperelasticity 17 to orthotropic 
linearized elasticity 10,33, always showing good agreements with post-operative CT scans.  Only 
recently, Hemmler et al.19 considered fiber reinforced hyperelastic materials for SG 
deployment in abdominal aortic aneurysms. In our model, using fiber reinforced hyperelastic 
materials induced numerical instabilities and high computational cost. Although a good 
compromise between computational cost and accuracy of our model seemed to have been 
found, fitting with clinical requirement, future work could consider extending the approach of 
Hemmler et al.19 to aortic arch procedures for a more precise prediction of the deformation 
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in the deployed SG. That could also enable stress analyses in the aortic wall after SG 
deployment, which could be very informative. 
 
Friction coefficients were also investigated through a sensitivity analysis. A significant positive 
effect was obtained with the rough coefficient (no sliding) in the proximal zone, whereas 
changing the main coefficient from 0.2 to 0.4 resulted in a modest improvement. This 
complementary study led us to choose a different friction coefficient depending on the region 
of the SG: the proximal part had a rough friction contact and the friction coefficient was set to 
0.4 elsewhere. This permitted to reach realistic configurations at the proximal zone, avoiding 
artificial “bird-beak” effects. Away from the proximal region, the friction coefficients assigned 
to the SG was in agreement with values found in the literature 44. This sensitivity analysis 
highlighted the importance of friction in that kind of numerical model. 
 
The obtained values of aortic elastic modulus and friction coefficients may be marginally 
patient-specific. If similar values can be used for most patients with good accuracy, this would 
avoid their calibration for every patient, which would simplify the process to render all the 
computational analyses fully predictive. 
 
The total time to run the simulation was about 48h on 8-cores of the high performance 
computer of Mines Saint-Etienne (cluster of 11 Tflops with 26 nodes totaling 384 cores and 1 
To of RAM). Although this time remains large, it is negligible compared to the duration of the 
DB custom-made manufacturing process, which lasts about 1 month. Numerical simulation 
could therefore potentially be included in the planning before the manufacturing process to 
ensure more reliable device design. It also has the potential to reduce the current 
manufacturing delay. 
 
The use of endovascular SGs in the aortic arch offers advantages over open surgery. In 
particular it avoids aortic cross clamping, extracorporeal bypass and consecutive morbidity-
mortality. Endovascular procedures permit reducing post-operative risk and shortening 
hospital stays, which beneficiates mostly to elderly and frail patients 8,15,18,37,41. But these 
potential benefits have to be balanced with the lack of long-term feed-back on these relatively 
new and challenging techniques at the aortic arch level. This study highlights that 
computational analysis may be used to predict the behavior of complex SG devices in the 
aortic arch and to detect potential clinical outcomes. Assistance to clinicians through 
computational simulations could therefore be critical in reducing adverse events and secure 
this technique in the future.  
 
We demonstrated here the proof of concept of comprehensive and predictive computational 
simulations of Double Branch Bolton Relay® device deployment and its bridging stents in an 
aortic arch aneurysm. This work highlights the potential of computational simulations to assist 
practitioners during pre-operative planning. It also shows the feasibility to simulate, prior to 
interventions, complete stent-graft deployment despite extremely complex device designs 
and anatomies. Simulation could not only help in training but also render the planning process 
faster and more reliable and even assist the practitioners during the procedure. Further 
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studies have to be conducted to apply the methodology on a number of patients to confirm 
these results. 
 
 
Disclosures: 
D. Perrin, J.-N. Albertini and S. Avril are cofounders of the company Predisurge SAS. The other 
authors have no conflict of interest. 
 
 
 
7. Acknowledgement 
The authors would like to thank Samuel Arbefeuille, Scott Rush and Christian Fletcher from 
Terumo Aortic® (formerly Bolton Medical®) for their help and support in this study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8. References 
1. Ambler, G. et al. Early Results of Fenestrated Endovascular Repair of Juxtarenal Aortic 
Aneurysms in the United Kingdom. Circulation. 125(22):2707-15, 2012. 
 2. Auricchio, F., A. Constantinescu, M. Conti, and G. Scalet. Fatigue of Metallic Stents: From 
Clinical Evidence to Computational Analysis. Ann. Biomed. Eng. 44:287–301, 2016. 
3. Auricchio, F., M. Conti, S. Marconi, A. Reali, J. L. Tolenaar, and S. Trimarchi. Patient-specific 
 13 
aortic endografting simulation: from diagnosis to prediction. Comput. Biol. Med. 43:386–394, 2013. 
4. van Bakel, T. M., C. J. Arthurs, J. A. van Herwaarden, F. L. Moll, K. A. Eagle, H. J. Patel, S. 
Trimarchi, and C. A. Figueroa. A computational analysis of different endograft designs for Zone 0 
aortic arch repair. Eur. J. Cardio-Thorac. Surg. 54(2):389–396, 2018. 
5. de Beaufort, H. W. L., F. J. H. Nauta, M. Conti, E. Cellitti, C. Trentin, E. Faggiano, G. H. W. van 
Bogerijen, C. A. Figueroa, F. L. Moll, J. A. van Herwaarden, F. Auricchio, and S. Trimarchi. Extensibility 
and Distensibility of the Thoracic Aorta in Patients with Aneurysm. Eur. J. Vasc. Endovasc. Surg. Off. J. 
Eur. Soc. Vasc. Surg. 53:199–205, 2017. 
6. van Bogerijen, G. H. W., J. L. Tolenaar, M. Conti, F. Auricchio, F. Secchi, F. Sardanelli, F. L. 
Moll, J. A. van Herwaarden, V. Rampoldi, and S. Trimarchi. Contemporary Role of Computational 
Analysis in Endovascular Treatment for Thoracic Aortic Disease. Aorta Stamford Conn 1:171–181, 
2013. 
7. Chiu, T. L., A. Y. S. Tang, S. W. K. Cheng, and K. W. Chow. Analysis of flow patterns on 
branched endografts for aortic arch aneurysms. Inform. Med. Unlocked 13:62–70, 2018. 
8. Czerny, M., B. Rylski, J. Morlock, H. Schröfel, F. Beyersdorf, B. Saint Lebes, O. Meyrignac, F. 
Mokrane, M. Lescan, C. Schlensak, C. Hazenberg, T. Bloemert-Tuin, S. Braithwaite, J. van Herwaarden, 
and H. Rousseau. Orthotopic branched endovascular aortic arch repair in patients who cannot 
undergo classical surgery. Eur. J. Cardio-Thorac. Surg. 53(5):1007-1012, 2018. 
9. De Bock, S., F. Iannaccone, M. De Beule, D. Van Loo, F. Vermassen, B. Verhegghe, and P. 
Segers. Filling the void: a coalescent numerical and experimental technique to determine aortic stent 
graft mechanics. J. Biomech. 46:2477–2482, 2013. 
10. De Bock, S., F. Iannaccone, M. De Beule, F. Vermassen, P. Segers, and B. Verhegghe. What if 
you stretch the IFU? A mechanical insight into stent graft Instructions For Use in angulated proximal 
aneurysm necks. Med. Eng. Phys. 36:1567–1576, 2014. 
11. De Bock, S., F. Iannaccone, G. De Santis, M. De Beule, D. Van Loo, D. Devos, F. Vermassen, P. 
Segers, and B. Verhegghe. Virtual evaluation of stent graft deployment: a validated modeling and 
simulation study. J. Mech. Behav. Biomed. Mater. 13:129–139, 2012. 
12. Demanget, N., S. Avril, P. Badel, L. Orgéas, C. Geindreau, J.-N. Albertini, and J.-P. Favre. 
Computational comparison of the bending behavior of aortic stent-grafts. J. Mech. Behav. Biomed. 
Mater. 5:272–282, 2012. 
13. Doyle, M. G., S. A. Crawford, E. Osman, N. Eisenberg, L. W. Tse, C. H. Amon, and T. L. Forbes. 
Analysis of Iliac Artery Geometric Properties in Fenestrated Aortic Stent Graft Rotation. Vasc. 
Endovascular Surg. 52:188–194, 2018. 
14. Duprey, A., O. Trabelsi, M. Vola, J.-P. Favre, and S. Avril. Biaxial rupture properties of 
ascending thoracic aortic aneurysms. Acta Biomater. 42:273–285, 2016. 
15. Ferrer, C., C. Coscarella, and P. Cao. Endovascular repair of aortic arch disease with double 
inner branched thoracic stent graft: the Bolton perspective. J. Cardiovasc. Surg. (Torino) 59:547–553, 
2018. 
16. Figueroa, C. A., C. A. Taylor, A. J. Chiou, V. Yeh, and C. K. Zarins. Magnitude and direction of 
pulsatile displacement forces acting on thoracic aortic endografts. J. Endovasc. Ther. Off. J. Int. Soc. 
Endovasc. Spec. 16:350–358, 2009. 
17. Gindre, J., A. Bel-Brunon, A. Kaladji, A. Duménil, M. Rochette, A. Lucas, P. Haigron, and A. 
Combescure. Finite element simulation of the insertion of guidewires during an EVAR procedure: 
example of a complex patient case, a first step toward patient-specific parameterized models. Int. J. 
Numer. Methods Biomed. Eng. 31:e02716, 2015. 
 14 
18. Haulon, S., R. K. Greenberg, R. Spear, M. Eagleton, C. Abraham, C. Lioupis, E. Verhoeven, K. 
Ivancev, T. Kölbel, B. Stanley, T. Resch, P. Desgranges, B. Maurel, B. Roeder, T. Chuter, and T. 
Mastracci. Global experience with an inner branched arch endograft. J. Thorac. Cardiovasc. Surg. 
148:1709–1716, 2014. 
19. Hemmler, A., B. Lutz, C. Reeps, G. Kalender, and M. W. Gee. A methodology for in silico 
endovascular repair of abdominal aortic aneurysms. Biomech. Model. Mechanobiol. , 17: 1139–1164, 
2018. 
20. Ishimaru, S. Endografting of the aortic arch. J. Endovasc. Ther. 11:II–62, 2004. 
21. Kleinstreuer, C., Z. Li, C. A. Basciano, S. Seelecke, and M. A. Farber. Computational mechanics 
of Nitinol stent grafts. J. Biomech. 41:2370–2378, 2008. 
22. Malkawi, A. H., R. J. Hinchliffe, M. Yates, P. J. Holt, I. M. Loftus, and M. M. Thompson. 
Morphology of aortic arch pathology: implications for endovascular repair. J. Endovasc. Ther. Off. J. 
Int. Soc. Endovasc. Spec. 17:474–479, 2010. 
23. Marrocco-Trischitta, M. M., T. M. van Bakel, R. M. Romarowski, H. W. de Beaufort, M. Conti, 
J. A. van Herwaarden, F. L. Moll, F. Auricchio, and S. Trimarchi. The Modified Arch Landing Areas 
Nomenclature (MALAN) Improves Prediction of Stent Graft Displacement Forces: Proof of Concept by 
Computational Fluid Dynamics Modelling. Eur. J. Vasc. Endovasc. Surg. Off. J. Eur. Soc. Vasc. Surg. 
55:584–592, 2018. 
24. Marzelle, J., E. Presles, J. P. Becquemin, and WINDOWS trial participants. Results and factors 
affecting early outcome of fenestrated and/or branched stent grafts for aortic aneurysms: a 
multicenter prospective study. Ann. Surg. 261:197–206, 2015. 
25. Mastracci, T. M., M. J. Eagleton, Y. Kuramochi, S. Bathurst, and K. Wolski. Twelve-year results 
of fenestrated endografts for juxtarenal and group IV thoracoabdominal aneurysms. J. Vasc. Surg. 
61:355–364, 2015. 
26. Maurel, B., T. M. Mastracci, R. Spear, A. Hertault, R. Azzaoui, J. Sobocinski, and S. Haulon. 
Branched and fenestrated options to treat aortic arch aneurysms. J. Cardiovasc. Surg. (Torino) 
57:686–697, 2016. 
27. Maurel, B., J. Sobocinski, R. Spear, R. Azzaoui, M. Koussa, A. Prat, M. R. Tyrrell, A. Hertault, 
and S. Haulon. Current and future perspectives in the repair of aneurysms involving the aortic arch. J. 
Cardiovasc. Surg. (Torino) 56:197–215, 2015. 
28. Molony, D. S., E. G. Kavanagh, P. Madhavan, M. T. Walsh, and T. M. McGloughlin. A 
computational study of the magnitude and direction of migration forces in patient-specific 
abdominal aortic aneurysm stent-grafts. Eur. J. Vasc. Endovasc. Surg. Off. J. Eur. Soc. Vasc. Surg. 
40:332–339, 2010. 
29. Natsis, K. I., I. A. Tsitouridis, M. V. Didagelos, A. A. Fillipidis, K. G. Vlasis, and P. D. Tsikaras. 
Anatomical variations in the branches of the human aortic arch in 633 angiographies: clinical 
significance and literature review. Surg. Radiol. Anat. SRA 31:319–323, 2009. 
30. Nauta, F. J., S. Trimarchi, A. V. Kamman, F. L. Moll, J. A. van Herwaarden, H. J. Patel, C. A. 
Figueroa, K. A. Eagle, and J. B. Froehlich. Update in the management of type B aortic dissection. Vasc. 
Med. Lond. Engl. 21:251–263, 2016. 
31. Nienaber, C. A., S. Kische, H. Rousseau, H. Eggebrecht, T. C. Rehders, G. Kundt, A. Glass, D. 
Scheinert, M. Czerny, T. Kleinfeldt, B. Zipfel, L. Labrousse, R. Fattori, H. Ince, and INSTEAD-XL trial. 
Endovascular repair of type B aortic dissection: long-term results of the randomized investigation of 
stent grafts in aortic dissection trial. Circ. Cardiovasc. Interv. 6:407–416, 2013. 
32. Perrin, D., P. Badel, L. Orgéas, C. Geindreau, A. Dumenil, J.-N. Albertini, and S. Avril. Patient-
 15 
specific numerical simulation of stent-graft deployment: Validation on three clinical cases. J. 
Biomech. 48:1868–1875, 2015. 
33. Perrin, D., P. Badel, L. Orgeas, C. Geindreau, S. R. du Roscoat, J.-N. Albertini, and S. Avril. 
Patient-specific simulation of endovascular repair surgery with tortuous aneurysms requiring flexible 
stent-grafts. J. Mech. Behav. Biomed. Mater. 63:86–99, 2016. 
34. Perrin, D., N. Demanget, P. Badel, S. Avril, L. Orgéas, C. Geindreau, and J.-N. Albertini. 
Deployment of stent grafts in curved aneurysmal arteries: toward a predictive numerical tool. Int. J. 
Numer. Methods Biomed. Eng. 31:e02698, 2015. 
35. van Prehn, J., K. L. Vincken, B. E. Muhs, G. K. W. Barwegen, L. W. Bartels, M. Prokop, F. L. 
Moll, and H. J. M. Verhagen. Toward endografting of the ascending aorta: insight into dynamics using 
dynamic cine-CTA. J. Endovasc. Ther. Off. J. Int. Soc. Endovasc. Spec. 14:551–560, 2007. 
36. Reymond, P., P. Crosetto, S. Deparis, A. Quarteroni, and N. Stergiopulos. Physiological 
simulation of blood flow in the aorta: comparison of hemodynamic indices as predicted by 3-D FSI, 3-
D rigid wall and 1-D models. Med. Eng. Phys. 35:784–791, 2013. 
37. Riambau, V. Application of the Bolton Relay Device for Thoracic Endografting In or Near the 
Aortic Arch. Aorta 3:16–24, 2015. 
38. Romarowski, R. M., M. Conti, S. Morganti, V. Grassi, M. M. Marrocco-Trischitta, S. Trimarchi, 
and F. Auricchio. Computational simulation of TEVAR in the ascending aorta for optimal endograft 
selection: A patient-specific case study. Comput. Biol. Med. 103:140–147, 2018. 
39. Romarowski, R. M., E. Faggiano, M. Conti, A. Reali, S. Morganti, and F. Auricchio. A novel 
computational framework to predict patient-specific hemodynamics after TEVAR: Integration of 
structural and fluid-dynamics analysis by image elaboration. Comput. Fluids , 
2018.doi:10.1016/j.compfluid.2018.06.002 
40. Sanford, R. M., S. A. Crawford, H. Genis, M. G. Doyle, T. L. Forbes, and C. H. Amon. Predicting 
Rotation in Fenestrated Endovascular Aneurysm Repair Using Finite Element Analysis. J. Biomech. 
Eng. 140:, 2018. 
41. Spear, R., A. Hertault, K. Van Calster, N. Settembre, M. Delloye, R. Azzaoui, J. Sobocinski, D. 
Fabre, M. Tyrrell, and S. Haulon. Complex endovascular repair of postdissection arch and 
thoracoabdominal aneurysms. J. Vasc. Surg. 67(3):685-693, 2017. 
42. Tian, D. H., B. Wan, M. Di Eusanio, D. Black, and T. D. Yan. A systematic review and meta-
analysis on the safety and efficacy of the frozen elephant trunk technique in aortic arch surgery. Ann. 
Cardiothorac. Surg. 2:581–591, 2013. 
43. Ullery, B. W., G.-Y. Suh, K. Hirotsu, D. Zhu, J. T. Lee, M. D. Dake, D. Fleischmann, and C. P. 
Cheng. Geometric Deformations of the Thoracic Aorta and Supra-Aortic Arch Branch Vessels 
Following Thoracic Endovascular Aortic Repair. Vasc. Endovascular Surg. 52:173–180, 2018. 
44. Vad, S., A. Eskinazi, T. Corbett, T. McGloughlin, and J. P. Vande Geest. Determination of 
coefficient of friction for self-expanding stent-grafts. J. Biomech. Eng. 132:121007, 2010. 
 
List of figures: 
FIGURE 1. (a) Stent rings segmented from the post-operative CT scan showing a rotation of 
the second part of the main stent-graft with respect to the proximal part, manifesting the 
effects of torsion. (b) Simulation approach to model the torsion effect: an additional rotation 
was applied on the distal stent ring while the two first stent rings were fixed. (c) Posterior 
views of simulation results of the deployment performed with different rotation degrees. 
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FIGURE 2. (a) Cylinders derived from stent ring segmentation for the quantitative assessment 
approach. The stent ring segmentation was achieved on the post-operative CT scan (b) 
Cylinders derived from stent ring segmentation from the simulation results. (c) Schematic 
definition of deviation measurements between simulations and CT scans. 
FIGURE 3. Chronological summary of the different steps of the simulation approach. 
Abbreviations: BSs: bridging stents; SGs: stent-grafts.  Color legend: white: grafts; grey: stents; 
red: arterial surface. 
(a): step 1. SGs modeling and tie constraint highlighted in red 
(b): step 2. BSs crimping and placement 
(c): step 3. SGs crimping 
(d): step 4. BSs bending 
(e): step 5. SGs releasing 
(f): step 6. SGs deployment 
(g): step 7. Mechanical equilibrium 
(h): Workflow 
FIGURE 4. Diameter deviation eD (a), longitudinal position deviation eL (b) and transverse 
deviation eT (c) depending on the torsion degree (0°, 90°, 135°, 180°). Stent rings are 
numbered from 1 to 15. Stent rings 1, 5, 6 and 7 are not shown in the comparison. X-axis: stent 
ring number, Y-axis: deviation value (% or mm) 
 
FIGURE 5. Superimposition of the stent rings segmented from the post-operative CT scan and 
from the simulations. Color legend: grey: post-operative’s; blue: torsion 0°; red: torsion 135°. 
(a) Coronal view. (b) Transverse view. 
FIGURE 6. (a) Proximal apposition defect obtained with a friction coefficient of 0.4 for the all 
stent-graft.  (b) Apposition obtained with a rough contact in the proximal region. 
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List of tables: 
 
TABLE 1. Average diameter, longitudinal and transverse deviation values (mean, standard 
deviation and maximal values) for different values of torsion angle. 
TABLE 2. Average diameter, longitudinal and transverse deviation values (mean and standard 
deviation) for different values of Young’s modulus. 
TABLE 3. Average diameter, longitudinal and transverse deviation values (mean and standard 
deviation) for different values of friction coefficient. 
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